Phosphogypsum (PG), a by-product from the phosphoric acid industry, is being worldwide stockpiled, posing environmental problems. Viability of the PG safe re-use in civil construction has been studied, as PG can contain natural radionuclides in significant concentrations. We propose a policy for using PG as a building material, limiting the total concentration of 226 Ra plus 228 Ra by mixing PG with natural gypsum. It was concluded that PG from the largest Brazilian deposits could be used without any dilution, when the sum of the activity concentrations of 226 Ra and 228 Ra does not exceed 150 Bq kg -1 . For higher values, the approach is to mix PG with increasing amounts of natural gypsum, so that the final concentration does not exceed 1000 Bq kg -1 . We show that PG re-use in such a way is feasible in terms of radiological protection and recommended to minimize PG piles environmental impact.
INTRODUCTION
Naturally occurring radionuclides are present in several natural resources. High concentrations of these radionuclides are found in geological materials, mainly igneous rocks and some ores.
Human activities that exploit such resources can lead to an increase in the concentration of these radionuclides, giving rise to materials that are known as "Naturally Occurring Radioactive Material" -NORM.
A typical example is the mining and processing of phosphate rock to produce phosphoric acid, phosphate fertilizers and animal feed. Use of sulfuric acid in the process generates calcium sulfate precipitate (CaSO4·n H2O), known as phosphogypsum, which is considered a residue due to its content of impurities. In terms of rounded figures, the production of 1 ton of phosphate results in the generation of 4-5 ton of phosphogypsum. In Brazil, the main producers of phosphate fertilizers are responsible for the production of approximately 12 million tons of PG per year, which is stored in stacks, posing major environmental concern.
According to the document of International Atomic Energy Agency TECDOC-1712, "Management of NORM Residues" [1] , the IAEA currently establishes in its BSS (Basic Safety Standards) [4] that the general criterion for exemption of control is met when the activity concentration of all radionuclides in the 238 U and 232 Th decay series in the residue is less than or equal to 1 Bq g -1 and 40 K activity concentration is less than or equal to 10 Bq g -1 .
However, in the case of industrial plants, due to the large amounts of material usually involved, it is more appropriated for such activities to be subject to regulatory control, even in the case the criterion for exemption is met, in the following way: if every material in the process has activity concentrations below than the activity concentration criteria, the activity is not regarded as a practice and requirements for existing exposure apply; otherwise, the activity is regarded as a practice and requirements for planned exposure apply [1] .
The same document states that there is an overall trend worldwide towards greater recycling of NORM residues and their use as by-products. This is being driven by a growing recognition that the amounts of NORM disposed of as waste need to be minimized and by sustainability considerations such as concern for the depletion of non-renewable resources and the environmental protection legislation increasingly restrictive. Some countries are now incorporating, in their regulatory systems, recycling or re-use of NORM waste [1, 2] .
The new Euratom document Basic Safety Standards (EU-BSS) [3] contains requirements for industrial sectors involving Naturally Occurring Radioactive Materials (NORMs) and the use of specific residues from the considered industrial sectors in building materials. The EU-BSS is expected to be transposed in national and regional legislations for all the member states of the EU.
Worldwide, the safe use of NORM residue is also becoming increasingly important; the recent Radiation Protection and Safety of Radiation Sources: International Basic Safety Standards [4] also emphasizes this new approach.
In this work, a case study is performed, using the physical parameters of Brazilian phosphogypsum from different origins, already characterized in previous papers [5, 6, 7] . The data are applied to well established methodologies for evaluating the radiation hazard indices. This work intends to contribute to the national regulatory authority in the definition of constraints for using phosphogypsum as construction material.
RADIONUCLIDE CONTENTS IN BUILDING MATERIALS
The main concern related to the radioactivity in regular building materials is the gamma exposure arising from the 238 U and 232 Th decay series, which can cause health hazards in dwellers.
Furthermore, radionuclide 226 Ra from the 238 U series, which decays to 222 Rn through an alpha particle emission, is one of the most important radionuclides from the point of view of radiation protection [2, 8, 10, 11, 18] .
The main health hazard associated with Rn is due to its short-lived alpha emitter decay products, which can cause damage to the lungs after chronic exposure. Therefore, its safe utilization requires an evaluation of the radiological impact in dwellers, which comprises the evaluation of internal exposure due to radon inhalation and external exposure due to gamma radiation.
The internal exposure indoors depends mainly on the activity concentration of 226 Ra and 228 Ra in the construction material and the radon exhalation rate, which can be determined by using theoretical models [8, 9] , measured experimentally or by employing an approach combining both modeling and experimental measurements indoors [10] . The exhalation rate is defined as the amount of activity released per unit surface area per unit time from the material. It depends on the 226 Ra content of the material, emanation factor, gas diffusion coefficient in the material, porosity and density of the material.
To limit the radiation exposure, the criteria commonly employed is to define different constraints for the radiation indices, according to the over-all amount of material to be used as building material. Specifically, different acceptable indices are adopted whether the intended usage is superficial usage or bulk usage [11] .
Materials like ceramic tiles [12] and granites [13, 14] are used mainly in superficial coating.
Such usage enhances the radon exhalation, since the distance for the radon to reach the outer surface is shorter [15] .
The bulk usage of building materials tends to decrease the ratio between the 226 Ra concentration and the radon exhalation, since the gas can be trapped in the building material. In this case, the radon decays within the building structure, thus increasing the concentration of the short-lived gamma-ray emitting decay products [15] . Typical usage of materials like concrete, cement and natural gypsum falls in this category.
RADIONUCLIDE CONTENTS IN PHOSPHOGYPSUM
The characterization of radionuclides in the Brazilian phosphate fertilizer industry shows that radium isotopes, 210 Pb, 210 Po and thorium isotopes fractionate preferentially to the phosphogypsum, where percentages (to phosphate rock) of 90% (radium isotopes), 100% ( 210 Pb), 78% ( 210 Po) and 80% (thorium isotopes) are found. The uranium isotopes are predominantly incorporated in phosphoric acid as uranyl phosphate, sulphate or fluoride complexes [6] . Several papers were published concerning the characterization of radionuclides present in Brazilian PG [5, 6, 7] . The activity concentrations of the natural radionuclides in the PG of the three main Brazilian fertilizer producers from the latter references, named here as "A", "B" and "C", are summarized in Table 1 . Considering the huge amount of PG continuously stacked and its potential threaten to the environment [16, 17] , it is an important issue to evaluate possibilities of re-using such residue to minimize its environmental impact. Considerations about the viability of the safe reuse of this material have been raised, among them its potential use as building material.
In 2013, the Brazilian regulatory agency on nuclear energy has established a working group with the objective of evaluating the viability of defining a policy for using phosphogypsum as a building material [18] . In this context, an approach limiting the concentration of PG to be mixed with gypsum, based on 226 Ra and 228 Ra concentrations found in PG, according to the forecast hazard indices resulting by using the mixture was suggested.
METHODS

Methodology for radiation hazard indices evaluation
In Brazil, PG has been used, on a small scale, as construction material, mainly as bricks and plaster board, although the specific requirements from the regulator were not published yet. Regular plasterboard specifications for use as building material are regulated in Brazil by the relevant national technical standard [19] . For gypsum bricks, there are yet few producers in Brazil; the apparent density range of the final product is 1.65 to 1.75 g cm -3 .
The estimated radiation dose to which dwellers are exposed within a building, due to the existing radionuclides in the wall, is the result of the contribution from:
• the external dose due to gamma radiation emitted by 40 K and the radionuclides 226 Ra, 228 Ra and its decay products, present in the walls of the building;
• the internal dose due to inhalation of 222 Rn exhaled to the internal environment of the building, originating from the decay of 226 Ra contained in the walls.
In the literature, several expressions were published for estimation of the dose, resulting in a hazard index, used as a criterion to ensure that the effective dose does not exceed the limiting annual dose [20, 21] . As far as in 1992, a national standard, ÖNORM S 5200, was adopted in Austria and established the criterion expressed in Equation (1) 
where C(X) is the concentration of radionuclide X in the building material (Bq kg -1 ), ε is the radon exhalation fraction from the internal walls, ρ is the density (kg m -3 ), and d is the thickness of the walls (m).
Equation (1) incorporates the following assumptions to include the radon contribution: ratio between superficial area and internal volume is 2 m -1 ; activity concentration of radon in air is 37 Bq m -3 , with a mean equilibrium factor of 0.5, resulting in an effective dose of about 2 mSv y -1 , value that was then the limiting dose for the public. This formulation assumes annual average rate of ventilation within the dwelling compartments equal to 0.7 h -1 [21] .
If the building material has a product (ρ d) less than 250 kg m -2 , the term (1 + 0.1 ε ρ d) in
Equation (1) can be replaced [21] by the term
In the present study, a modified hazard index with respect to the one previously proposed [21] is employed to obtain a limiting dose of 1 mSv y -1 , rather than 2 mSv y -1 , to comply with the current international recommendations. This is achieved simply by dividing by 2 the denominators of the terms, resulting in the Equation (3): where the quantities are defined in the same way as Equation (1).
In the present proposal, the adoption of this formulation is justified by the fact that the contribution for the dose arising from the 222 Rn exhaled from the building material due to its 226 Ra content is explicitly included.
Experimental data of gypsum bricks and boards
In this work, the following values were adopted in Equations (2) and (3):
Highest concentration values for each application range of the mixture; ε = 0.1: maximum realistic value corresponding to a 10% emanation coefficient, as reported in previous works [21, 22] . d = 0.1 m: This value is above of the maximum admissible thickness for gypsum plates, according to Brazilian regulation [19] , which is 0.015 m. Such value is equal to the width of the only gypsum brick model currently produced in Brazil, compliant to the applicable engineering regulation [23] , as informed by the producer. ρ = 1750 kg m -3 : Value corresponding to the greatest density experimentally found for gypsum bricks [24] , and is also above the maximum density allowed for plasterboard, which is 933 kg m -3 [25] . In the present case, the product (ρ d) is 1750 kg m -3 × 0.10 m = 175 kg m -2 , value below 250 kg m -2 , therefore Equation (2) is applicable.
RESULTS AND DISCUSSION
To comply with Equations (2) In adopting such values, the criterion of fixing the upper limits of each range in values above of the typical experimental values from each main PG stockpiled in Brazil was employed, to allow a well-defined classification of each deposit. The content of radionuclides in the main Brazilian producers was used as a database to define the ranges of radionuclide concentrations in this study [26] .
For mineral gypsum, the following values were adopted, based on experimental determinations [27] . Equations (2, 3, 4) were applied to PG/gypsum compositions, with several PG percentages in the 0% -100% range, by increments of 5%.
The allowable PG percentage adopted, for each 226 Ra and 228 Ra concentrations pair, was the highest possible so that the resulting effective dose was below 1 mSv for each expression employed. It must be stressed that the only way that the proposed mechanism could operate is regarding it as a practice subject to clearance by the Brazilian regulatory body. To guarantee that the proposed standard is met, it would be necessary to establish control procedures including regular PG sampling programs and formal notifications from the producers in order to allow the PG enter the public domain, in an approach analog to that already established by the Brazilian Regulatory body for the control of using phosphogypsum in agriculture and cement industry [29] .
CONCLUSION
It was concluded that PG from the largest Brazilian deposits could be used without any dilution, when the summation of the activity concentrations of 226 Ra and 228 Ra does not exceed 150 Bq kg -1 .
For activity concentrations higher than 150 Bq kg -1 , the approach is to mix PG with increasing amounts of natural gypsum, so that the final concentration does not exceed 1000 Bq kg -1 .
The proposal of using PG mixed with other materials, in order to dilute the radioactive content of the former, is consonant with the interpretation expressed in the IAEA-TECDOC-1712 [1] , which reinforces the need for considering and applying options, adequate for local conditions, for the re-use of industrial by-products, contributing to solve the issue of PG disposal as waste and to save a non-renewable natural resource.
Ideally, new materials intended for bulk usage and in large amounts, as is the case of civil construction, should be designed by using uniquely residues from human activities. Materials like PET and rubber from outdoor deposits, for example, have been considered for including in the formulation of new building materials. However, the necessary tests to guarantee the performance and safety for general application usually take years to complete.
In this context, dilution remains an option to be considered. Specifically, according to reference [1] , dilution of PG has even been incorporated into The Netherlands' regulatory system.
The proposal for employing phosphogypsum mixed with natural gypsum as a building material, presented in this paper, if adopted nationwide, could have a significant positive impact, by contributing to reduce the huge amounts of phosphogypsum disposed and saving non-renewable resources like mineral gypsum.
